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Within the scope of multidimensional Kaluza–Klein gravity with nonlinear curvature terms and two spherical
extra spaces Sm and Sn , we study the properties of an effective action for the scale factors of the extra
dimensions. Dimensional reduction leads to an effective 4D multiscalar-tensor theory. Based on qualitative
estimates of the Casimir energy contribution on a physically reasonable length scale, we demonstrate the
existence of such sets of initial parameters of the theory in the case m = n that provide a minimum of the
effective potential that yield a fine-tuned value of the effective 4D cosmological constant. The corresponding
size of extra dimensions depends of which conformal frame is interpreted as the observational one: it is about
three orders of magnitude larger than the standard Planck length if we adhere to the Einstein frame, but it
is n -dependent in the Jordan frame, and its invisibility requirement restricts the total dimension to values
D = 4 + 2n ≤ 20.
1 Introduction
In modern physics, the concept of extra dimen-
sions appears in various theoretical contexts such
as Kaluza–Klein models [1–3], brane-world mod-
els [4, 5], superstring/M-theories [6], multidimen-
sional cosmology, etc. Despite the unobservable
nature of extra dimensions, their possible existence
provides a very elegant theoretical background for
a number of key physical problems (geometrization
of the interactions, possible variations of fundamen-
tal constants, etc., see, e.g., [7–10]), and it is also
an essential and inevitable feature of many theories
such as superstring theory [6]. At present, quite a
general class of multidimensional theories is under
consideration, including nonlinear functions of the
Ricci scalar (F (R) theories) and high-order curva-
ture invariants (e.g., the Gauss—Bonnet term) mo-
tivated by various inflationary scenarios and low-
energy limits of superstring models.
One of possible explanations of the unobserv-
able nature of extra dimensions is the concept of
spontaneous compactification [2, 3], according to
which the geometry of the entire multidimensional
manifold (bulk) can be understood as a topologi-
cal product M4 × Vn of the observable 4D space-
time M4 and a compact extra space Vn of appro-
priate dimension and topology with a very small
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characteristic length scale, in many cases close to
Planckian. This kind of explanation is widely used
in Kaluza–Klein-like theories. A realistic model of
such a type should include (at least in principle)
some explanatory mechanism for stabilization of
the radii of compact extra dimensions to keep them
unobservable on a sufficiently large time scale of the
Universe evolution. This stability can be global or
local, and may be achieved on the (quasi)classical
or/and quantum level.
In the simplest cases, the stability conditions of
ground state manifolds of the type M4 × Vn can
be related to the existence of minima of an effec-
tive potential of scalar fields appearing from the
extra-dimensional metric tensor components at di-
mensional reduction. It is clear that, beyond a clas-
sical level, there can also be some quantum vacuum
contributions to the effective potential such as the
Casimir energy of scalar, vector gauge, and spinor
fields due to the compact topology of the extra fac-
tor space [11–14].
In this paper we continue our study of cosmo-
logical models in the framework of nonlinear mul-
tidimensional gravity, taking into account possi-
ble contributions of quantum vacuum effects. In
[15,16], the space-time geometry was chosen in the
extended Kaluza-Klein form, M4 × Sn , where M4
is the observed weakly curved 4D space-time, and
Sn is an n-dimensional sphere of sufficiently small
size to be invisible by modern instruments. Now we
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2extend the study to more complex geometries con-
taining a number (at least two) of internal factor
spaces.
As compared to the Casimir energy on M4 ×
Sn manifolds [13, 14], calculations of this energy
on M4 × Sn × Sm make a much more complicated
problem which has been studied in a number of
papers [17, 18]. In the case of an even number of
extra dimensions, there is an additional difficulty in
renormalizing the logarithmically divergent terms
in the Casimir energy [19].
The analysis of a possible stability of extra di-
mensions in multidimensional gravity with high-
order curvature invariants (up to R2 , RµνR
µν ,
RµναβR
µναβ ) was performed in a pure classical
level, without the Casimir contribution, by Wet-
terich [20] mostly for M4 × SD geometries under
a number of assumptions such as neglecting high-
order curvature contributions to the kinetic terms
in 1/D -approximation and a vanishing effective
cosmological constant. For geometries M4×Sm×Sn
it was argued that the effective potential may not
be bound from below.
Our approach to dimensional reduction in theo-
ries with nonlinear curvature terms has a number of
features different from others in some aspects, such
as: using a slow-change approximation; a transition
from the Jordan conformal frame to the Einstein
one; a dynamic treatment of scale factors of extra
dimensions as scalar fields on M4 with their own
kinetic terms (which need to be checked for positive
definiteness); a physically reasonable (“semiclassi-
cal”) choice of the characteristic length scales of ex-
tra dimensions; approximate estimation of Casimir
contributions at these ranges.
As in [15, 16], we begin with a sufficiently gen-
eral D -dimensional gravitational action, then, un-
der suitable assumptions on the space-time geom-
etry, follow a dimensional reduction and a transi-
tion to the Einstein conformal frame. After that,
we demonstrate the existence of such sets of the
initial parameters that provide a minimum of the
effective potential at a physically reasonable length
scale, and it is also shown that the kinetic term of
the effective scalar fields is positive-definite, hence
these minima really describe stable stationary con-
figurations.
2 Basic equations, reduction to 4
dimensions
In our description of multidimensional gravity, we
follow [7,21], where a more detailed derivation can
be found. We are considering a D -dimensional
space-time M with the structure
M = M0 ×M1 × · · · ×MN , (1)
where dimMi = di , and the metric
ds2D = gab(x)dx
adxb +
N∑
i=1
e2βi(x)g(i), (2)
where (x) denotes the dependence on the first d0
coordinates xa ; gab = gab(x) is the metric in M0 ,
and g(i) are x-independent di -dimensional metrics
of factor spaces Mi , i = 1, N .
We are dealing with a theory of gravity with
the action
S =
1
2
mD−2D
∫ √
Dg dDx
[
F (R) + c1RABR
AB
+ c2K + Lm], (3)
where Dg = |det(gAB)| , F (R) is an arbitrary func-
tion of the scalar curvature R of M ; c1, c2 are con-
stants; RAB and K = RABCDRABCD are the Ricci
tensor and Kretschmann scalar of M , respectively;
Lm is the matter Lagrangian (it can formally in-
clude the quantum vacuum contribution). Capital
Latin indices cover all D coordinates, small Latin
ones (a, b, . . .) the coordinates of the factor space
M0 , and ai, bi, . . . the coordinates of Mi .
Let us assume that the factor spaces Mi are
di -dimensional compact spaces of constant nonzero
curvature Ki = ±1, i.e., spheres (Ki = 1) or com-
pact di -dimensional hyperbolic spaces (Ki = −1)
with a fixed curvature radius r0 , normalized to the
D -dimensional analogue mD of the Planck mass,
i.e., r0 = 1/mD (we are using the natural units
c = ~ = 1). Then we have
R
aibi
cidi = Kim
2
D δ
aibi
cidi ,
R
bi
ai = Kim
2
D (di − 1)δbiai ,
Ri = Kim
2
D di(di − 1). (4)
The scale factors ri(x) ≡ eβi in (2) are dimension-
less. The overbar marks quantities obtained from
the factor space metrics gab and g
(i) taken sepa-
rately, β,a ≡ ∂aβ , and δabcd ≡ δac δbd − δadδbc and
similarly for other kinds of indices.
3To simplify further calculations, we are using
the slow-change approximation [22]: we suppose
that all derivatives ∂a are small as compared to
the extra-dimension scale, so that each ∂a involves
a small parameter ε , and we neglect all quantities
of orders higher than O(ε2). This approximation
iproves to be valid in almost all thinkable situa-
tions. In the descriptions of the modern Universe
with small extra dimensions it is valid up to tens
of orders of magnitude.
Then, integrating out all subspaces Mi in (3)
and subtracting a full divergence, we obtain the
d0 -dimensional action
S =
1
2
Vmd0−2D
∫ √
g0 d
d0x
{
eσF ′(φ)R0
+KJ − 2
[
VJ(φi) + VJ(Cas)
]}
, (5)
KJ = F
′ eσ
[
−(∂σ)2 +
∑
i
di(∂βi)
2 − 2F ′′(∂φ, ∂σ)
]
+ 4 eσ(c1 + c2)
∑
i
diφi(∂βi)
2, (6)
− 2VJ(φi) = eσ
[
F (φ) +
∑
i
diφ
2
i
(
c1 +
2c2
di−1
)]
,(7)
where g0 = |det(gab)| , V is a product of volumes of
n compact di -dimensional spaces Mi of unit cur-
vature;
φi := Kim
2
D(di − 1) e−2βi , φ :=
∑
i
diφi; (8)
∑
i means
∑N
i=1 ; σ :=
∑
i diβi ; (∂σ)
2 ≡ σ,aσ,a ,
(∂α, ∂β) = gabα,aβ,b , and similarly for other
functions; 2 = gab∇a∇b is the d0 -dimensional
d’Alembert operator; R[g] and Ri are the Ricci
scalars corresponding to gab and g
(i) , respectively;
F ′(φ) = dF/dφ , and F ′′(φ) = d2F/dφ2 ; lastly,
VJ(Cas) is a quantum vacuum (Casimir) contribu-
tion to the Jordan-frame potential, to be discussed
below.
The expression (5) is typical of a (multi)scalar-
tensor theory (STT) of gravity in a Jordan frame.
For further analysis, it is helpful to pass on to the
Einstein frame using the conformal mapping
gab 7→ g˜ab = | eσF ′(φ)|2/(d0−2)gab, (9)
The action (5) then acquires the form
S =
1
2
Vmd0−2D
∫ √
g˜ dd0x
{
[signF ′(φ)]
[
R˜+KE
]
− 2[VE(φi) + VE(Cas)]
}
(10)
with the kinetic and potential terms
KE =
1
d0 − 2
(
∂σ +
F ′′
F ′
∂φ
)2
+
(
F ′′
F ′
)2
(∂φ)2
+
∑
i
di
[
1 +
4
F ′
(c1 + c2)φi
]
(∂βi)
2, (11)
− 2VE(φi) = e−2σ/(d0−2)|F ′|−d0/(d0−2)
×
[
F (φ) +
∑
i
diφ
2
i
(
c1 +
2c2
di − 1
)]
, (12)
where the metric g˜ab is used, the indices are raised
and lowered with g˜ab and g˜
ab , and VE(Cas) is the
Casimir contribution to the total Einstein-frame
potential obtained from VJ(Cas) after the transfor-
mation (9). The quantities βi and σ are expressed
in terms of the n fields φi , whose numbers coincide
with the numbers of factor spaces.
3 A search for stable extra di-
mensions
3.1 Equations for M0 × Sm × Sn
In what follows, we will try to find stable equilibria
of the system with the action (12) that can corre-
spond to the modern state of the expanding Uni-
verse with the metric gab , naturally putting d0 = 4,
so that M0 = M4 . We will also restrict ourselves
to two extra factor spaces M1 and M2 . Further-
more, a final interpretation of the results depends
on which conformal frame is chosen as the phys-
ical (observational) one [23, 24], and this in turn
depends on the way in which fermions enter into
the (so far unknown) underlying unification the-
ory of all interactions. From an infinite number of
such opportunities, we will consider two most nat-
ural ones: the Einstein frame with the action (10),
and the Jordan frame with the action (5), obtained
directly from the D-dimensional theory.
Stable points must be found in any case us-
ing the action (10) as minima of the potential (12)
provided that the kinetic term is positive-definite
(which is a priory not at all guaranteed). Other
conditions to be fulfilled by such a minimum are:
A. Since we adhere to classical gravity, the size of
the extra dimensions should appreciably exceed the
fundamental length scale r0 = 1/mD , i.e., ri/r0 =
eβi  1 (i = 1, 2).
4B. The extra dimensions should not be observable
by modern instruments, hence, ri = r0 e
βi . 10−17
cm, which is close to the TeV energy scale.
C. The 4D cosmological constant Λ4 which cor-
responds to the minimum value of the potential,
should be responsible for the observed dark energy
density, so that
0 < Λ4/m
2
4 ∼ 10−120, (13)
where m4 ∼ 10−5 g is the 4D Planck mass.
Let us assume that our space-time contains two
spherical extra factor spaces with dimensions d1 =
m , d2 = n , so that D = 4 + m + n . Also, for
simplicity, we assume that
F (R) = −2ΛD +R, (14)
where ΛD is the D-dimensional cosmological con-
stant. Then F (φ) = −2ΛD + φ , F ′ = 1, F ′′ = 0,
and the curvature nonlinearity of the theory is only
contained in terms with c1 and c2 in the action (3).
Now we can write for the dimensionless quantity
W (x, y) = r20VE(x, y) and the kinetic term:
W (x, y) =
xmyn
2
[
k1x
4 + k2y
4
−m(m−1)x2 − n(n−1)y2 + λ
]
+WCas, (15)
K(x, y) =
m
2
(∂x)2
[
m+ 2
x2
+ 8(m−1)(C1+C2)
]
+
n
2
(∂y)2
[
n+ 2
y2
+ 8(n−1)(C1+C2)
]
+
mn(∂x, ∂y)
xy
. (16)
where x= e−β1 , y= e−β2 , C1 = c1/r20 , C2 = c2/r20 ,
λ = r20ΛD , and
k1 = −m(m− 1)
2
[
C1(m− 1) + 2C2
]
,
k2 = −n(n− 1)
2
[
C1(n− 1) + 2C2
]
, .
We will now seek such combinations of the in-
put parameters m,n,C1, C2 that W (x, y) has a lo-
cal minimum at some x = x0 and y = y0 much
smaller than unity in order to satisfy requirement
A. On the other hand, x0 and y0 should not be
too small in order to conform to requirement B,
but the corresponding estimate crucially depends
on our assumption on the value of mD = 1/r0 . By
requirement C, the value of W at such a minimum
must be positive but extremely small.
3.2 The Casimir contribution
Let us now estimate the Casimir term WCas in the
potential W (x, y). The corresponding calculations
are quite complicated and have been performed in
a number of papers [17–19] assuming that the 4D
subspace M0 is flat. Quite evidently, we can use
this approximation for calculating WCas if we sup-
pose that M0 is very weakly curved as compared
to the extra factor spaces M1,M2 , and it is pre-
cisely this approximation that we have been using
to obtain all other terms in W (x, y) and K(x, y).
Therefore it looks reasonable to use the results ob-
tained with flat M0 in our wider context.
For estimation purposes we can use the ana-
lytic expression for M0 × S3 × S3 [18] found for
the case of two spheres S3 of approximately equal
radii, r2/r1 = 1 +  , where  . 0.25, and, in our
notations, r1 = r0e
β1 , r2 = r0e
β2 :
VJ(Cas) = −
1
r41V
[
b
(
3.639×10−4 − 6.053×10−4
+ 3.315×10−4(1− 2) ln(r1/µ¯)
)
+ f(3.657×10−6 − 5.414×10−5)
]
, (17)
where b and f are the numbers of spin-0 and spin-
1/2 fields, and µ¯ is an unknown constant emerging
in the renormalization procedure. From other cal-
culations, which are mostly numerical [17, 18], it
follows that VJ(Cas) has approximately the same
order of magnitude as in Eq. (17), that is, 10−4
or less (due to the factor 1/V ) times r−41 (or,
restoring the symmetry between r1 and r2 , times
r−21 r
−2
2 = r
−4
0 x
2y2 ) times the number of field de-
grees of freedom. The latter may be probably esti-
mated as being of the order of 100. Assuming that
the logarithmic term, appearing in the cases of even
m+ n , is not too large (see different arguments on
this subject in [19]),3 one can write
VJ(Cas) . r−40 x2y2,
and accordingly for the contribution to W (x, y)
WCas . x2m+2y2n+2. (18)
Comparing this expression with (15), we see that
the contribution (18) contains an extra factor
3A numerical study shows that if the logarithmic term is
large enough to make significant the Casimir contribution to
W , then a possible minimum of W happens to be with x
or y close to unity, where our semiclassical approach is no
more applicable.
5Figure 1: The function W (x, y) close to its minimum for m = n = 5, C1 = −127.25, C2 = 128, λ = 0.0197628.
At x = y we have W = x10(0.0197628 − 20x2 + 5060x4). Left panel: W (x, x) for the parameters indicated above
(solid line), and a bit larger and smaller λ (dashed lines). Right panel: a 3D plot.
xmyn , which, provided that other coefficients in
(15) are of the order of unity, makes the term WCas
insignificant in a search for a minimum of W at
which x 1 and y  1.
3.3 Viable minima of W (x, y)
In accord with the above-said, we seek a minimum
of W ignoring the Casimir contribution. If we ad-
ditionally assume m = n , the expressions (15) and
(16) are symmetric with respect to x and y , and
it makes sense to seek a minimum of W on the
line x = y , which substantially simplifies the pro-
cess. It turns out that the case n = 3 is degen-
erate because, instead of two parameters C1 and
C2 , both W and K depend on the single combina-
tion C1 + C2 . It turns out that in this case there
is no minimum of W combined with a positive-
definite K , which confirms a previously obtained
result [18].
For other values of m = n it is possible to
find a stable minimum of W under the condi-
tion x = y , for which the kinetic term K can be
shown to be positive-definite under the condition
c1 + c2 ≥ 0. It turns out that this minimum occurs
at proper “semiclassical” values of x0 = y0 ∼ 0.01
under a proper choice of c1 and c2 . Moreover, we
have obtained analytically such a value of λ that
W (x0) = 0, which, under proper fine tuning, makes
it possible to satisfy Requirement C:
λ = − n(n− 1)
4C1(n− 1) + 8C2 . (19)
Evidently, in fact, we need a minimum with W = 0
in rather a rough approximation: it must be cor-
rected for a corresponding value of WCas and fine-
tuned to obtain a cosmologically relevant Λ4 , see
the next section.
Examples of the behavior of W (x, y) leading to
viable minima of W (x, y) are shown in Figs. 1, 2.
It has been directly verified that the kinetic term is
positive-definite in a neighborhood of the minimum
under the condition C1 + C2 ≥ 0, which holds in
both these examples.
4 4D gravity
In multidimensional gravity with constant extra di-
mensions, the corresponding 4D theory will be ev-
idently the Einstein theory with certain values of
the gravitational constant G4 (or the correspond-
ing Planck mass m4 = G
−1/2
4 ) and the effective
cosmological constant Λ4 . However, their values
expressed in terms of the initial parameters of the
theory (3) depend on which conformal frame is re-
garded the physical (observational) one. We will
consider two most natural opportunities described
above, the Einstein frame with the action (10) and
the Jordan frame with the action (5). Note that for
our present stable extra dimensions we have m = n
and x0 = y0 , therefore W = W (x0, y0) ≡W (x0).
6Figure 2: The function W (x, y) close to its minimum for m = n = 11, C1 = −100, C2 = 100, λ = 11/320. At
x = y we have W = (11/320)x22(1− 1600x2)2 . Left and right panels: the same as in Fig. 1.
4.1 The Einstein frame
In the Einstein frame, by (10), the 4D Planck mass
is m4 =
√V(n)mD , and r0 = √V/m4 . Hence
for x0 = y0 ∼ 0.01 the size of extra dimensions
is r(x0) = r0/x0 ∼
√Vm−14 , close to the Planck
length 1/m4 ≈ 8×10−33 cm as long as V(n) is not
very far from unity.4 As a result, r0 ∼ 10−31 cm,
and r(x0) ∼ 10−29 cm, manifestly satisfying our
requirement B that the extra dimensions should be
invisible.
The effective cosmological constant is Λ4 =
W (x0)/r
2
0 = W (x0)m
2
4/V , and to conform to ob-
servations that require Λ4/m
2
4 ∼ 10−120 , we must
have roughly W (x0) ∼ 10−117 . Therefore, fine tun-
ing is necessary: the dimensionless parameter λ
should be close to the value at which W (x0) = 0
with an accuracy depending on m = n . More pre-
cisely, according to (15), we have (for m = n and
x = y )
W (x, y) =
1
2
x2n(λ+ other terms),
hence λ should be fine-tuned up to 10−117x−2n0 ,
where x0 is also different for different n . Thus, for
n = 5 (Fig. 1), the fine tuning of λ must be about
10−104 . For m = 11 (Fig. 2), the corresponding
accuracy is ∼ 10−81 .
The Casimir contribution to W (x0) is very
large as compared to 10−120 : e.g., with the above
parameter values we have WCas ∼ 10−24 for n = 5
and ∼ 10−48 for n = 11 This comparatively large
value (though decreasing with growing m = n) is
4We have
√V ≈ 31 for n = 5 and √V ≈ 16 for n = 11.
compensated by fine-tuned values of other param-
eters of the theory, above all, λ .
4.2 The Jordan frame
In the Jordan frame, by (5), the 4D Planck mass is
related to mD by
m2D = 1/r
2
0 = m
2
4x
2n
0 /V
⇒ r0 =
√
Vm−14 x−n0 , (20)
and the size of both M1 and M2 , r1 = r2 = r0/x0 .
Since x0  1, r0 is in general a few orders of mag-
nitude larger than the Planck length, which at large
enough n may be in tension with the invisibility of
extra dimensions. And indeed, we obtain:
n = 5 : r0 ≈ 1.5×10−24 cm, r1≈ 3.4×10−23 cm;
n = 8 : r0 ≈ 1.1×10−19 cm, r1≈ 3×10−18 cm;
n =11: r0 ≈ 5, 4×10−14 cm, r1≈ 2.14×10−12 cm.
Thus n = 5 and n = 8 lead to acceptable values of
r0 and r1 , but at n > 8 they are too large.
The effective cosmological constant in the Jor-
dan frame is obtained if we present the integrand
in (5) as
√
g4 e
σF ′[R4− 2Λ4 + kinetic term], which
in our case (F ′ = 1, m = n , x0 = y0 ) leads
to Λ4 = x
−2n
0 W (x0)/r
2
0 . However, expressing r0
in terms of m4 , we arrive again at the expres-
sion Λ4 = W (x0)m
2
4/V . Thus we need the same
fine tuning of λ as in the Einstein frame and have
the same estimate of the Casimir contribution to
W (x), despite another value of the fundamental
length r0 = 1/mD .
75 Conclusion
Considering multidimensional gravity with the ac-
tion (3) in space-times M4×Sm×Sn , we have found
stable states of the extra dimensions under the as-
sumption m = n , and these states are located on
the line x0 = y0 , which means equal radii of Sm
and Sn . Our attempts to find asymmetric stable
states (such that x0 6= y0 ) in the case m = n ,
or those corresponding to m 6= n , had no success
(the corresponding kinetic terms turned out to be
not positive-definite), but this is not a strict result,
and the existence of such states is not completely
excluded.
The resulting 4D theory coincides with general
relativity when using both the Einstein and Jor-
dan frames to be compared with observation, and
in both case we need the same fine tuning of the
initial parameters of the D -dimensional theory in
order to have an acceptable value of the cosmo-
logical constant Λ4 . In both cases the fine tuning
is slightly weaker than in the “usual” cosmological
constant problem. However, in these two frames
we obtain substantially different estimates of the
D -dimensional Planck scale mD and the size of
extra dimensions r1 : while in the Einstein frame
mD almost coincides with the conventional Planck
mass m4 and r1 is small enough for any n , in Jor-
dan’s frame the estimated values of mD and r1 are
strongly n-dependent, and acceptable results are
obtained for only n ≤ 8, that is, D ≤ 20.
The dimensional reduction of our models re-
sults in classical general relativity well describing
the modern state of the Universe and thus far suc-
cessfully passing all experimental tests. In cosmo-
logical applications, our models actually lead to
the Einstein equations with nonzero Λ4 , used in
the “concordance” ΛCDM model, but a more ad-
vanced problem of describing the whole history of
the Universe is not addressed. It may seem to be a
step back as compared to many studies that try to
give such a description, in particular, those using
the same multidimensional action (3).
Thus, in [21] it was shown that in a model with
two extra factor spaces, one can choose the ini-
tial parameters of the theory in such a way that
the resulting model describes an early inflation-
ary stage (with rolling down along a comparatively
steep slope of an effective potential of two scalars
φ1 and φ2 ) and that of modern accelerated expan-
sion described by an extremely slow descent along
a shallow valley of the same potential, with slow in-
crease of the extra dimensions within observational
limits. However, unlike ours, the model of [21]
did not take into account quantum vacuum effects,
which are comparatively easily included in a de-
scription of the modern stage (maybe actually be-
ginning at the end of the early inflation) but are
strong and make a serious problem at the earliest
stage, where the extra dimensions should be highly
nonstationary. This goes beyond the scope of our
present study, but a qualitative picture may look as
follows. The Universe emerges from a large fluctua-
tion of space-time foam in a state corresponding to
a point somewhere above the minimum of W (x, y)
(if some analog of such a potential can be built
in a more advanced model). Then comparatively
rapidly the fields roll down to the minimum, and,
before they settle down there, decaying oscillations
around the minimum give rise to creation of mat-
ter. Such a scenario actually conforms to chaotic
inflation. This construction may be a subject of
future work.
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